It is generally assumed that the largest vessels are occurring in the roots and that vessel diameters and the related hydraulic conductance in the xylem are decreasing acropetally from roots to leaves. With this study in five tree species of a perhumid tropical rainforest in Sulawesi (Indonesia), we searched for patterns in hydraulic architecture and axial conductivity along the flow path from small-diameter roots through strong roots and the trunk to distal sun-canopy twigs. Wood density differed by not more than 10% across the different flow path positions in a species, and branch and stem wood density were closely related in three of the five species. Other than wood density, the wood anatomical and xylem hydraulic traits varied in dependence on the position along the flow path, but were unrelated to wood density within a tree. In contrast to reports from conifers and certain dicotyledonous species, we found a hump-shaped variation in vessel diameter and sapwood areaspecific conductivity along the flow path in all five species with a maximum in the trunk and strong roots and minima in both small roots and twigs; the vessel size depended on the diameter of the organ. This pattern might be an adaptation to the perhumid climate with a low risk of hydraulic failure. Despite a similar mean vessel diameter in small roots and twigs, the two distal organs, hydraulically weighted mean vessel diameters were on average 30% larger in small roots, resulting in ~ 85% higher empirical and theoretical specific conductivities. Relative vessel lumen area in percent of sapwood area decreased linearly by 70% from roots to twigs, reflecting the increase in sclerenchymatic tissue and tracheids in acropetal direction in the xylem. Vessel size was more closely related to the organ diameter than to the distance along the root-to-shoot flow path. We conclude that (i) the five co-occurring tree species show convergent patterns in their hydraulic architecture despite different growth strategies, and (ii) the paradigm assuming continuous acropetal vessel tapering and decrease in specific conductance from fine roots towards distal twigs needs reconsideration.
Introduction
Luxuriant and continuous supply of water is a prerequisite for the existence of evergreen humid or perhumid tropical rainforests. These forests transpire large quantities of water to the atmosphere due to high axial hydraulic conductance Ewers 1991, 1996) , more than any other type of natural terrestrial vegetation on earth. In comparison with many temperate and boreal trees, the average tropical tree grows to a taller height, may temporarily experience higher atmosphere saturation deficits in the upper canopy and is not exposed to a frost period. These circumstances all affect the hydraulic architecture in the root-to-leaf flow path, especially since cavitationavoiding mechanisms may not represent a crucial competitive advantage in a perhumid climate. A further characteristic feature of tropical forests is their high tree species diversity, which is linked to a considerable diversity of tree functional types being present (Meinzer et al. 2001 , Poorter et al. 2010 . One element of functional diversity is the co-existence of tree species with contrasting growth dynamics, longevity and height at maturity that often grow close to each other in the same stand (Turner 2001) . While much research has focused on species differences in shade adaptation among tropical trees, less is known about the morphological and functional variability in the hydraulic system of co-occurring rainforest trees in humid environments, and whether convergent patterns in the hydraulic architecture across the species and size classes do exist. Since within-tree variation in hydraulic architecture controls whole-tree water relations (Tyree 2007 ), a whole-tree perspective of the hydraulic architecture is needed.
Long-distance water transport in the soil-plant-atmosphere continuum from the fine roots to the distal sun-canopy twigs depends on the efficiency of the conduit network Zwieniecki 2005, Jansen et al. 2011) . The hydraulic conductivity of these elements is determined by their anatomical characteristics and strongly depends on the number, radius and length of the conduits (Tyree and Ewers 1991) . These properties influence the rate of water movement, the maintenance of water potential gradients and the vulnerability to xylem cavitation (Wheeler et al. 2005) . In addition to these anatomical characteristics, the water flow to the crown is driven by the microclimatic conditions, which change with height in canopy . The tallest trees experience the highest evaporative demand, but also the highest flux density of photosynthetic active radiation. It therefore seems rational to assume that a high plant hydraulic efficiency (i.e., high leaf-specific and sapwood areaspecific conductivity) is an essential prerequisite for a high productivity in forest trees (Tyree 2003) . To increase the hydraulic efficiency despite longer flow pathways and hence increasing gravitational forces and resistances, large trees tend to widen their vessels. Likewise, vessel diameter at the trunk base generally increases with tree height at maturity (Zach et al. 2010 , Poorter et al. 2010 , Russo et al. 2010 , Fan et al. 2012 , Gleason et al. 2012 ), resulting in a higher hydraulic conductance in tall trees (McCulloh et al. 2010) . However, it is not yet known whether the positive tree height/vessel size relation translates in tall trees into larger vessels in all organs, i.e., that the tallest tree species do not only show the largest vessels at the trunk base in humid climates, but also at every other position along the root-to-twig flow path, compared with species with smaller height at maturity when growing in the same stand.
Several attempts have been made to simplify the hydraulic network of woody plants. The pipe model theory (Shinozaki et al. 1964 ) assumes that each unit of leaf area is associated with a unit 'pipe' of wood of a fixed cross-sectional area extending from root to leaf, but this concept does not account for path length-dependent changes in wood anatomical traits. This is done in the model by West, Brown and Enquist (1999, WBE model) , which accounted for path length-dependent increases in resistance and postulates that the vessel diameter of conducting tubes must taper with growing tree height to minimize the increasing risk of xylem dysfunction with increasing conduit length. The WBE model has been confirmed in several angiosperm and gymnosperm tree species and seems to be valid across variable environmental conditions (e.g., Anfodillo et al. 2006 , Weitz et al. 2006 , Coomes et al. 2007 ), even so it has been criticized on both theoretical and empirical grounds (e.g., Kozlowski and Konarzewski 2004, Meinzer et al. 2005 ). More recently, McCulloh et al. (2003) hypothesized with reference to Murray's law (Murray 1926 ) that conduits should taper acropetally from the trunk base to the crown to maintain a constant relationship between volume flow rate and the sum of conduit radii cubed to maximize hydraulic conductance in accordance with Hagen-Poiseuille's law. In contrast to the WBE model, Murray's law does not assume the number of conduits to be fixed at each branching order (Lintunen and Kalliokoski 2010) ; this concept requires no taper if the number of conduits remains constant, but a stronger taper than the WBE model if the number of conduits doubles at each branching (Weitz et al. 2006) .
The bulk of anatomical and hydraulic studies in trees have focused on the water transport from the base of the trunk to the tree top while the water transport characteristics in roots have only rarely been examined (Christensen-Dalsgaard et al. 2007 , Rewald et al. 2012a . Those studies that included roots mainly focused on temperate trees or trees from arid environments (e.g., Baas 1982 , Aloni 1987 , Martinez-Vilalta et al. 2002 , Tyree and Zimmermann 2002 , McElrone et al. 2004 , Goncalves et al. 2007 , Pratt et al. 2007 , Nygren and Pallardy 2008 , Domec et al. 2009 , Gonzalez-Benecke et al. 2010 , Lintunen and Kalliokoski 2010 . According to these studies in conifers and angiosperms, conduits tend to be wider in roots than in stems, presumably due to acropetally increasing concentrations of auxin from the root to the leaf level during vascular differentiation (Aloni 1987 , Anfodillo et al. 2012 . These findings support the concept of conduit tapering along the whole flow path from the distal roots to the distal twigs due to path length-dependent increases in flow resistance and a simultaneous decrease in water potential; however, a confirmation of this concept for trees from humid or perhumid environments and hence its validation as a universal rule is still lacking.
In the study of hydraulic architecture wood density is a further parameter of particular interest. Conduit size and hydraulic conductivity seem to be related to wood density because lower tissue density increases the amount of xylem space available for the formation of conduits (Chave et al. 2009 ). Wood density has further been related to stem water storage and the safety of hydraulic transport (Jacobsen et al. 2005 , Zanne et al. 2010 . Both wood density and the proportion of non-conducting elements in the wood such as fibers vary greatly among species (Gartner et al. 2004 ). However, the empirical evidence in support of a close wood density-vessel anatomy relationship is inconsistent for angiosperms and may depend on the environment. Indeed, some authors found a close relationship (Preston et al. 2006 , Leal et al. 2011 , Fan et al. 2012 ) while others did not (Martínez-Cabrera et al. 2009 , Poorter et al. 2010 , Russo et al. 2010 , Zanne et al. 2010 . Tropical trees experiencing short or extended dry periods might reveal a relatively close wood density-wood anatomy relationship, which seems to disappear towards more humid climates (Schuldt and Homeier, unpublished data) . On the other hand, in tropical trees from humid climates, wood density might be more closely linked to anatomical characteristics of the fibers or to the total area of rays and/or axial parenchyma than to hydraulic properties of the xylem. We thus assume for trees from tropical humid climates that path length-dependent changes in wood anatomical traits might be unrelated to changes in wood density from root to canopy.
With this study in five abundant tree species of a perhumid pre-montane paleotropical rainforest (>2500 mm year −1 , no dry period, >80% relative air humidity throughout), we searched for patterns in hydraulic architecture and axial conductivity along the flow path from small-diameter roots through the trunk to the distal sun-canopy twigs. As far as we know, our dataset is the first one covering the whole flow path from small roots to twigs in mature tropical trees from a perhumid climate. Based on the published work and own preliminary data, we tested the following hypotheses: (i) In the trees of a tropical perhumid forest, vessel size and related hydraulic conductivity change considerably along the flow path, while wood density remains more or less invariant.
(ii) The largest vessels are found in roots and taper acropetally towards the distal sun-canopy twigs. (iii) The tallest tree species do not only show the largest vessels at the trunk base, but also at every other position along the root-to-twig flow path compared with species with smaller height at maturity, but the species' hydraulic architecture shows convergent patterns.
Material and methods

Study site and plant material
The study was carried out in a pre-montane rainforest in Pono Valley on the western boundary of Lore Lindu National Park in Central Sulawesi, Indonesia (S 01°29.6′ E 120°03.4′, elevation 1050 m). Schuldt et al. 2011) . The forest has a canopy height of ~45 m with a few trees reaching a tree height (H) of 55 m. Tree species diversity is high with ~130 species ha −1 . Tall adult trees with a diameter at breast height (DBH) >10 cm of five of the most common species were investigated for xylem anatomical characteristics and xylem hydraulic conductivity. The species studied were Santiria apiculata A. W. Benn., Castanopsis acuminatissima (Blume) Rheder, Platea excelsa Bl. var. borneensis (Heine) Sleum., Cryptocaria laevigata Blume and Pouteria firma (Miq.) Baehni (Table 1) . We collected wood samples of small roots and strong roots, trunks, branches and twigs. For root classification, we used the diameter ranges proposed by Sutton and Tinus (1983, small roots: 2-5 mm, strong roots: >50 mm). Small roots (mean diameter of sample: 4.3 mm) and all appending fine roots were excavated with shovels by tracking a root from the trunk toward the fine branch roots. Strong root (mean diameter of sample:
Changes in wood density, wood anatomy and hydraulic properties of the xylem 163 Table 1 . Sample and stand characteristics of the five investigated species for trees with a DBH > 10 cm from an inventory of 1.44 ha. Diameter at breast height (DBH, mean ± 1 SE), tree height (H, mean ± 1 SE), maximum tree height in the stand (H max ), aboveground biomass (AGB) and stem density in the stand (SD). For further explanation see Culmsee et al. (2010) . The number (n) of sampled tree individuals varied per investigated organ (see Table 4 ).
Family
Species 130 mm) and trunk wood samples were collected with an increment corer (5 mm in diameter, Suunto, Finland). The twig samples were collected either with a long-reach branch cutter at 12 m height in trees of lower strata or with a tree-climbing equipment from the upper crown. All twigs were located either in canopy gaps or in the upper crown, where they were exposed to the full sun at least part of the day and thus are categorized as 'sun-canopy twigs.' Since most of our results are concerned with species-specific properties, we aimed at calculating species averages of the variables investigated. We took care to select tree individuals of similar size and vertical position in the stand (see Table 1 ). When comparing the different organs along the flow path (small roots, strong roots, trunks, branches and twigs), the analyses are labeled with the position.
Measurement of wood density, tree height and aboveground biomass
The wood density (dry mass per fresh volume in kg m −3 ) of strong roots (mean diameter ± 1 SE of the investigated root sections: 13.0 ± 1.3 cm, n = 3 per species) and trunks (DBH: 34.5 ± 1.5 cm, n = 15-52) was determined in cores extracted with an increment borer (Haglöf, Långsele, Sweden). Cores from strong roots were extracted close to the stem base and trunk cores at 1.5 m height above ground or immediately above the height were the main trunk inserts when buttress roots were present. In a previous study ) the size of the sapwood area had been determined for different size classes of the five species. Coring was restricted to the depth of the sapwood derived from these data. The volume of the fresh wood cores was calculated from the diameter of the increment corer and the length of the sample after removing bark and phloem. Volume data obtained from this approach were compared with measurements done according to Archimedes' principle (gravimetric method); they showed a close relation (r 2 = 0.995, n = 10 species) as long as the borer was sharp and the cores had been recut at the ends with a sharp razor blade. From the upper canopy, twig segments (mean diameter: 7.0 ± 0.2 mm, n = 15) were completely harvested. In addition, thicker branches (29.0 ± 0.3 mm in diameter; n = 40-103) were analyzed for wood density for comparison. The fresh volume of these wood segments was determined gravimetrically by water displacement according to Archimedes' principle after removing bark and phloem. After volume measurement, all samples were oven-dried at 105 °C for at least 4 days.
Wood density measurements in the trunk were additionally used to calculate aboveground biomass (AGB, in kg) for each tree individual applying the allometric equation of Chave et al. (2005) for tropical wet stands as AGB = exp(−2.557 + 0.940 × ln(wood density × DBH 2 × tree height)). Tree height was measured with a Vertex III height meter (Haglöf).
Experimental determination of axial hydraulic conductivity
The technique introduced by Sperry et al. (1988) was applied to measure axial hydraulic conductivity in small-root and twig segments. In total, 55 samples were analyzed (small roots n = 23, twigs n = 32, per species and organ n = 5-10). After sampling, the segments were immediately transferred to polyethylene tubes filled with water containing a sodium-silver-chloride complex (16 µg l −1 Ag, 8 mg l −1 NaCl, Micropur Katadyn, Wallisellen, Switzerland) to prevent microbial growth. The samples were kept cool and transported to a nearby field laboratory. Subsequently, the total appending fine root mass from a sampled small root segment was excavated. Additionally, all leaves distal to a twig segment were harvested, and the root and leaf surface areas were measured with WinRHIZO and WinFOLIA software (Régent Instruments, Quebec, Canada). In the laboratory, each twig segment was recut under water with a razor blade and mounted on the tubing system. We used distilled water containing the same sodium-silver-chloride complex as described above for the conductivity measurements. Since different perfusion solutions can strongly affect hydraulic conductivity (e.g., Espino and Schenk 2011), care should be taken when comparing our data with hydraulic conductivity figures determined in other solutions. Before entering the twig segment, the solution was forced through a 0.2 µm membrane filter (Maxi Capsule, Pall Corp., Port Washington, NY, USA). Hydraulic conductivity (k h emp ) was measured three times across a 0.006 MPa pressure gradient, and after the first and second measurements, the segments were flushed at a pressure of 0.12 MPa to remove native emboli and to determine maximal hydraulic conductivity for further calculations. The hydraulic conductivity for a given segment length ( 
Xylem anatomy, vessel size distribution and theoretical hydraulic conductivity
Anatomical measurements (vessel lumen area, vessel diameters and densities) were conducted on cross-sections of small and strong roots, trunk wood and sun-canopy twig segments; the data were used to calculate the theoretical hydraulic conductivity from the vessel diameters according to the Hagen-Poiseuille equation (Tyree and Zimmermann 2002) .
Per species and organ, 55 to 16,700 vessels were analyzed. The number of replicate samples per tree individual and position along the flow path varied between 3 and 16, and the number of tree individuals from 2 to 7 (see Table 4 ). A sliding microtome (Hn 40, Reichert-Jung, Nußloch, Germany) was used to obtain semi-thin transverse sections (10-20 µm). The sections were stained with safranin (1% in 50% ethanol, Merck, Darmstadt, Germany) to achieve a better contrast in the subsequent digital image analysis. Only the outermost xylem section was analyzed in strong roots and trunks (1-3 cm behind the cambium), as is recommended by studies on radial gradients in wood anatomy (e.g., Fan et al. 2009 ). The transverse sections were photographed at ×25 or ×100 magnification using a light microscope (DM5000B, Leica Microsystems, Wetzlar, Germany) equipped with a digital camera (DFC 300FX, Leica Microsystems). The images were analyzed with the software ImageJ (v1.42q, http://rsb.info.nih.gov/ij) using the particle analysis function to estimate single and cumulative vessel lumen area (in m 2 ), vessel frequency (VF, n mm −2 ) and idealized vessel diameters (d) from major (a) and minor (b) vessel radii using the equation given by White (1991) : (1) Relative vessel lumen area (A Lumen , in %) was calculated by dividing cumulative vessel lumen area (A Lumen , in m 2 ) by sapwood area (A Xylem , in m 2 ). We assumed the complete xylem area of small roots and twigs to be conductive, and took care to sample only the outermost xylem of strong roots and trunks, which must have been sapwood according to previous own measurements (for further details on sapwood area determination see Horna et al. 2011) . Single vessel diameters (d) were used to calculate the hydraulic mean diameter (d h ) according to :
By this transformation, every vessel is weighted according to its contribution to the total hydraulic conductivity. According to the Hagen-Poiseuille equation, theoretical hydraulic conductivity (k h theo , in m 4 MPa −1 s −1 ) was calculated from the vessel radii as
In these calculations, we used the viscosity of water (η) at 20 °C (1.002 10 −3 Pa s, Zwieniecki et al. 2001) . k h theo was used to calculate the theoretical sapwood-area specific conductivity (k s theo , in kg m −1 MPa −1 s −1 ) by dividing by sapwood area (A Xylem ) and multiplying with the density of water (ρ) at 20 °C (998.20 kg m −3 , James et al. 2003) :
The total surface area of all appending fine roots was used to obtain theoretical root-specific conductivity (RSC theo ), and total leaf area for calculating LSC theo by dividing k h theo by the respective leaf or root surface areas.
Statistical analyses
All statistical analyses were performed with the software package R except for linear regression analyses that were executed with the software Xact 8.03 (SciLab, Hamburg, Germany). Restricted access to canopy and root samples forced us to adopt a nested sampling design at the branch, root and trunk level (see Table 4 ). Linear mixed effects models with position (organ) or species as a fixed variable were used to test for significant differences in the anatomical and hydraulic variables along the flow path (small roots to twigs) for a species, and among the species for a given position (organ). We assumed the non-independence of different samples within a tree, and of different trees within a species, in the models by adding species and tree nested in species as random effects. Subsequently, multiple comparison tests based on Tukey contrasts were performed, which represents a robust procedure for comparing multiple means under conditions of heteroscedasticity in unbalanced designs (Herberich et al. 2010) .
Results
The variability in wood density among the four investigated positions (organs) of a species (strong roots, trunks, branches and twigs) was low, generally differing by no more than 10% (Table 2) , and trunk and branch wood densities were very similar in three species, differing by no more than 2%; exceptions were C. acuminatissima (8.5%) and P. firma (6.2%). When averaged over the four positions, wood density varied between 442.3 and 482.4 kg m −3 in four of the five species but was significantly smaller in P. excelsa (310.5 kg m −3 ). Wood density could not be related to other hydraulic or wood anatomical parameters along the flow path of the five species ( Table 3) .
The comparison of wood anatomical properties across the four positions in a given species revealed a striking similarity between small roots and twigs that differed significantly from strong roots and the trunk in their vessel traits. Platea excelsa and P. firma deviated somewhat from this pattern by having two times higher vessel densities in their small roots than in Changes in wood density, wood anatomy and hydraulic properties of the xylem 165 their twigs. Along the flow path, strong roots and trunks always had significantly larger vessels and lower vessel densities than the more distal positions (Table 4) . Within three of the five species, no significant differences in vessel size between strong roots and trunks or between small roots and twigs were observed. The two other species (S. apiculata and C. laevigata) had significantly smaller vessels in twigs than in small roots. In contrast to wood density, the anatomical traits were highly dependent on the position along the flow path in a given species, as is shown by the mixed effects model analyses (Tables 2 and 4 ). In general, larger vessels were associated with lower vessel densities in the five species (Figure 1 ), but this relation was not mirrored in a lower wood density. Despite distant phylogenies, the vessel diameters of a given position tended to be rather similar among the species with mean diameters ranging between 40 and 60 µm in small roots and twigs, and between 80 and 110 µm in strong roots and the trunk. An exception was C. acuminatissima, which possessed significantly larger vessel diameters in all positions except for the small roots than the other four species (Table 4) .
Even though small roots and twigs were similar with respect to vessel diameter, a linear decrease in relative vessel lumen area was detected along the flow path in all species, reflecting the generally higher vessel frequency in the small roots ( Figure 2 ) and presumably an increasing frequency of tracheids and fibers along the flow path due to increasing mechanical stress and decreasing water potentials. This resulted in a significant difference in hydraulically weighted mean vessel diameter between small roots and twigs in four of the five species (Supplementary Table A1 available as Supplementary Data at Tree Physiology Online). As an average of the five species, vessels occupied 20.9% of the sapwood area in small roots, but only 7.4% in sun-canopy twigs, revealing a similar trend in all species.
Empirical and theoretical root-and leaf-specific conductivities (RSC and LSC), obtained by normalizing k h emp and k h theo by fine root surface area or leaf area, were positively correlated with d h . The slope of the increase of area-specific conductivity with d h in small roots exceeded the corresponding slope in twigs considerably (Figure 3) .
The empirically determined (k s emp ) and the theoretically calculated sapwood-area specific conductivity (k s theo ), the latter derived from vessel diameters and Hagen-Poiseuille's law, varied considerably along the flow path, when the species averages are considered (Figure 4 ; Supplementary Table A2 available as Supplementary Data at Tree Physiology Online). Empirically determined and theoretically calculated axial conductivities of small roots and twigs showed good agreement (P < 0.001, r 2 = 0.68, data not shown). Nevertheless, twigs as the most distal position investigated along the flow path showed the smallest specific conductivities in all species, while strong roots and/or the trunk revealed the highest specific conductivities. Again, C. acuminatissima differed from the other species by exceptionally high k s theo values, particularly in the trunk. While vessel diameter reached a maximum and vessel frequency a minimum in the trunk and strong roots, the variation of axial conductivity along the flow path was characterized by 4-20 times smaller values in the twigs than in the other three positions. As follows from the Hagen-Poiseuille equation, k s theo was positively correlated with hydraulic mean vessel diameter in all four positions, but the slope was largely different. Small roots and the trunk showed the steepest increase of k s theo with increasing d h , followed by strong roots. The distal twigs had by far the smallest increase in k s theo with d h (Figure 4 ).
166 Schuldt et al. Table 2 . Wood density (WD, kg m −3 ) of strong roots, trunks, branches and twigs of five tree species in the Pono forest (means ± 1 SE, the number of replicates is indicated right to the organ). No twigs were available for C. laevigata. Different small letters just right to the SE indicate significant differences between the positions of a species; different capital italic letters indicate significant differences between the species for a given position. The results of a linear mixed effects model on the influence of position on WD for each species are given (δAIC, likelihood ratio and probability of error). Table 4 . Mean vessel diameter (top, d, µm) and vessel frequency (bottom, VF, n mm −2 ) in the wood of small and strong roots, trunks and twigs of the five tree species (means ± 1 SE, the number of tree individuals investigated is indicated right to the organ, the number of samples in parentheses). Different small letters just right to the SE indicate significant differences between the positions of a species; different capital italic letters significant differences between the species for a given position. The results of a linear mixed effects model on the influence of position on d or VF for each species are given (δAIC, likelihood ratio and probability of error).
Small roots n Strong roots n Trunks n Twigs n δAIC L-ratio P Vessel diameter S. apiculata 56.6 ± 4.2 a AC 2 (6) 88.5 ± 4.9 b AC 3 (3) 105.5 ± 3.7 c AC 7 (13) In all five species, k s theo was found to be positively related to the tree's total AGB at all four positions along the flow path ( Figure 5 ).
All wood anatomical and related hydraulic traits (except for relative vessel lumen area in the sapwood) showed a humpshaped curve along the flow path with a maximum in the trunk and strong roots in all five species, while wood density remained more or less invariant (Figure 6 ). This pattern is an expression of the strong influence of organ diameter on these traits, i.e., the thicker the wood segment, the larger in general its vessel diameters and the higher its specific conductivity according to an analysis across all species (Figure 7) . From the mixed effects model analysis it appears that not only the position along the flow path is exerting a large influence on the anatomical and hydraulic traits (Table 4) , but organ diameter and hence cambial age as well (Table 5) .
Discussion
Axial variation in wood density and vessel traits
We found only moderate to small changes in wood density between roots and sun-canopy twigs in the five species which supports our first hypothesis. This result is consistent with the observation of Swenson and Enquist (2008) and Sarmiento et al. (2011) that stem and branch wood density are highly correlated to each other across different tropical tree and shrub species. Nevertheless, studies on axial variation in wood density produced inconsistent results. While some authors found within-tree axial variation in wood density to be negligible (Koga and Zhang 2004, Knapic et al. 2008) , others showed wood density to decrease acropetally (Kord and Kialashaki 2010, Mattos et al. 2011) . It is possible that the axial density decrease reported in some studies is mainly an expression of a radial change in wood density, which is a characteristic property of several tree species (Wiemann and Williamson 1989 , Woodcock and Shier 2002 , Nock et al. 2009 ). In contrast to wood density, relative vessel lumen area, vessel size and vessel frequency, and specific hydraulic conductivity all changed considerably along the flow path in our sample, although the hydraulic architecture of small roots and twigs revealed similarities but contrasts as well. The hydraulic mean vessel diameters were on average 30% larger in the small roots than in twigs, resulting in ~ 85% higher empirical and theoretical specific conductivities in roots compared with twigs in the five species. Relative vessel lumen area in percent of sapwood area decreased by 70% from the roots to the twigs in all five species, presumably leaving more space for the development of sclerenchymatic tissue in the canopy xylem. Similar to earlier reports (Martínez-Cabrera et al. 2009 , Russo et al. 2010 , Poorter et al. 2010 , we found no correlation between wood density and xylem anatomy and related hydraulic properties. With Zanne et al. (2010) , we explain the absence of a wood density-vessel anatomy relationship by a possible closer relation of wood density to other xylem elements such as fibers, tracheids and parenchymatic tissue, which are not directly 168 Schuldt et al. related to hydraulic conductivity in angiosperms. However, wood density seems to be closely related to vessel traits in tropical seasonally dry environments as was shown in other studies (e.g., Roque and Filho 2007, McCulloh et al. 2011) , highlighting the influence of the environment and in particular of water availability on this relation.
Are the largest vessels always found in roots and do they taper acropetally?
The question whether the vessels with largest diameters are located in the roots of a tree can only be answered when the root diameter (and preferably the root order) considered is clearly specified. However, root diameter varies greatly among the existing root hydraulic studies. For example, Ewers et al. (1997) took their samples close to the trunk base, which must refer to strong roots with transport and storage function, while Martinez-Vilalta et al. (2002) studied small and medium-sized roots (3.0-11.8 mm, personal communication). Even though both studies found the largest vessels in the roots, the comparability of the data is questionable due to the dependence of vessel size on segment diameter and root morphological type along the flow path. To make things worse, general trends in xylem anatomy along roots are not only related to root diameter but also to root functional type and position in the root system (e.g., Chiatante et al. 2003 , Christensen-Dalsgaard et al. 2007 , De Micco and Aronne 2010 , Rewald et al. 2012b .
Despite a lack of comparability in root hydraulic studies in woody plants, most authors assumed that the largest vessels are indeed located in the root system, with conduits tapering continually along the flow path toward the distal twigs (e.g., Tyree and Zimmermann 2002) . Recent applications of the hydraulic WBE model and Murray's law to temperate diffuseporous angiosperms or conifers have to our knowledge mainly been applied to vessel tapering from the stem base to the petioles with the result of an equal water supply to all leaves, but do rarely include the root system like the studies by Nygren and Pallardy (2008) and Lintunen and Kalliokoski (2010) . Nygren and Pallardy (2008) found a constant vessel tapering and simultaneous decrease in conductive to sapwood area ratio from the main roots to the twigs. According to this study, tapering occurred mostly between different organs along the Changes in wood density, wood anatomy and hydraulic properties of the xylem 169 flow path and not within an organ system, e.g., across several branching orders in the canopy as is assumed in the WBE model. Their results support the assumption of Zimmermann (1983) that the hydraulic properties of vessels mostly vary between different organs rather than continuously within an organ. Our data show a considerable vessel diameter increase from small to strong roots, suggesting that different size classes of roots with contrasting hydraulic function have to be distinguished.
How does the generally described whole-tree vessel tapering fit to our hump-shaped vessel size distribution along the flow path? We assume that the linear decrease in relative vessel lumen area in all tree species might agree with the principles of whole-tree vessel tapering to reduce hydrodynamic resistance, particularly because the hydrodynamic significance of the degree of vessel tapering remains controversial (Mäkelä and Valentine 2006) . Axial changes in hydraulic properties are mostly reported in terms of mean conduit diameter, hydraulically weighted diameter, vessel frequency and/or specific conductivity, and all might include a linear decrease in relative vessel lumen area as shown by Nygren and Pallardy (2008) . However, it has repeatedly been demonstrated that there is an axial increase in vessel frequency to compensate for a potential decrease in conductance due to vessel tapering in support of Murray's law (e.g., Sperry et al. 2008 , Fan et al. 2009 ). We could confirm this only for the aboveground part of the trees, while the paradigm predicting a continuous conduit tapering from small roots to the distal twigs needs to be reconsidered, at least for environments where water is not limiting. Our findings suggest that vessel size in below-and aboveground organs is rather related to the segment diameter and hence to cambial age in perhumid climates without drought-limitation of growth. It appears that trees in a perhumid climate achieve a sufficiently high axial conductivity in the small roots through a large relative vessel lumen area in these organs, thereby partly compensating for the smaller vessel diameters in roots than in the trunk, as is seen in the k s theo data. Roots with a large lumen area should have less structural tissue, which could be an adaptation to the permanently moist soil in this tropical forest. Consistently, midday root water potential from the studied Figure 7 . Diameter of the investigated organ in relation to hydraulic mean vessel diameter (d h ) and sapwood area-specific theoretical hydraulic conductivity (k s ) in small (SmR) and strong (StR) roots, the trunk (Tru) and twigs (Twi) of five tree species. Note log-log presentation. species was rather low (−0.28 ± 0.02 MPa, n = 6-13 measurements per species, data not shown). The small roots of five temperate broad-leaved trees had on the other hand a smaller vessel lumen area and approximately less than half the hydraulic conductivity than the trees from Sulawesi in this study (Köcher et al. 2013) , and should occasionally show much lower root water potentials during the vegetation period. One could speculate that tree roots exposed to drought-or frostinduced soil movement produce particularly large vessels in their small-diameter roots for compensating a reduction of root axial conductivity in sclerenchymatic roots and hence show the generally assumed vessel diameter pattern. However, the linear decrease in relative vessel lumen area along the flow path might apply to all environments, but further studies are needed to confirm this assumption.
What would be the benefit for trees of possessing the largest vessels in the distal roots? Increases in conduit size are related to a higher conductivity, but simultaneously the vulnerability to cavitation increases markedly (e.g., Sperry and Saliendra 1994 , Wheeler et al. 2005 , Willson and Jackson 2006 , Awad et al. 2010 , Domec et al. 2010 . Consistent with the vessel size difference, the root system of temperate and frequently droughtexposed tree species was found to be much more vulnerable to cavitation than the stems or branches of these species (Alder et al. 1996 , Hacke and Sauter 1996 , Mencuccini and Comstock 1997 , Sperry and Ikeda 1997 , Martinez-Vilalta et al. 2002 , Pratt et al. 2007 , Willson et al. 2008 , Domec et al. 2009 , GonzalezBenecke et al. 2010 . Some attempts have been made to explain this observation, among them the 'hydraulic fuse' theory, which evolved from Zimmermann's 'segmentation hypothesis' (Zimmermann 1983) and assumes that woody plants might restrict hydraulic failure to redundant organs that are readily replaced, in analogy with an electric circuit (Jackson et al. 2000 , Sperry et al. 2002 . Even though this conservative view of embolism formation and the resulting consequences has greatly changed during the last 5 years (e.g., Nardini et al. 2011, Secchi and Zwieniecki 2011) , some of the ideas might still be relevant. We meanwhile know that embolism formation is not always a fatal and lethal process for the plant as previously assumed, and that embolism formation and reversal might occur on a daily basis under high evaporative demand (e.g., Domec et al. 2006 , Johnson et al. 2009 , Zufferey et al. 2011 ). Embolism reversal is thought to occur either as a function of internal pressure imbalances (Domec et al. 2006) or by active transport of sugars into empty conduits followed by passive water movement (Zwieniecki and Holbrook 2009 ). However, osmotically active assimilates and nearby living parenchyma cells are the prerequisite for vessel refilling. In regard of the complex hydraulic network of woody plants, it seems beneficial to restrict hydraulic failure to areas that are easily refilled, and this includes both fine roots close to the water source and petioles close to carbohydrate sources in the foliage. Both organs are exposed to the highest resistances in the hydraulic network and are also most easily replaced. Petioles have just recently been considered as 'hydraulic fuses' due to hydraulic segmentation (Zufferey et al. 2011) , and this likewise might apply for fine roots. However, more empirical data on the vulnerability of roots to cavitation and the process of vessel refilling are needed to fully understand the role small-diameter tree roots are playing in regulating water flow from the soil to the trunk. Measurements should include trees in tropical moist and dry forests for understanding the role of drought on tree root hydraulics.
Why did the studied five tropical tree species not possess the largest vessels in the small roots? We assume that the prevailing perhumid climate with low evaporative demand throughout most of the day and year, where cavitation-avoiding mechanisms are less beneficial than hydraulic efficiency, has selected for the development of a hydraulic network with particularly large vessels and thus low flow resistances between trunk and twigs.
Convergent patterns in the hydraulic architecture of the five tree species
It has been postulated that a high plant hydraulic efficiency is a prerequisite for a high productivity of trees (Tyree 2003) with hydraulic efficiency being defined as the hydraulic conductivity generated per unit resources invested into transporting structures ); one measure is sapwood areaspecific conductivity. We could show that the specific conductivity at the root, trunk or twig levels increases with the AGB of the investigated tree individuals in all five species, demonstrating the balanced allocation of resources to structural and conducting tissues in the growing tree. Across the species, AGB was closely related to both specific conductivity (P < 0.01, r 2 = 0.93, data not shown) and mean sap flux density in the trunk sapwood (P < 0.001, r 2 = 0.96, data not Changes in wood density, wood anatomy and hydraulic properties of the xylem 171 shown; see Horna et al. 2011) , demonstrating the importance of hydraulic efficiency for productivity on the tree and species level. Clearly, our data refer to standing biomass and not to productivity; both parameters are closely related in a forest community only if growth rate and tree longevity are sufficiently comparable among the species. We further assumed the tallest tree species to show the largest vessels at every position along the flow path. This is supported by the finding that C. acuminatissima as the by far tallest tree species with largest AGB in our sample had by far the largest vessels at every position along the flow path, and hence the highest specific conductivities. The conductivity difference to the other four species was most pronounced in the stem wood (up to 2.5 times larger vessels), while twig vessels were only up to 1.4 times wider in this species. For our species sample, a comparison of stem wood anatomy is more feasible than a study of twig or root properties because the species difference was more pronounced and the tree height/vessel tapering effect is included. A global set of stem wood anatomy data from tropical trees would be of great value for assessing tree hydraulics in the face of rising temperatures and regional rainfall reduction as predicted in climate change scenarios for the tropics (Corlett 2011) .
Apart from species differences in AGB, maximum tree height in the stand and different vessel dimensions along the flow path, we found several convergent patterns in the hydraulic architecture of these co-occurring tree species with contrasting phylogeny. To our knowledge, we are the first to report a hump-shaped vessel size variation along the flow path from small roots to the distal twigs across a tree species sample, associated with a linear decrease in the relative vessel lumen area. Both vessel diameter and specific hydraulic conductivity showed minima close to the proximal and distal ends of the root-to-shoot flow path and a maximum in the trunk and the strong roots. This sequence emerged from the data of all five species, despite the fact that C. acuminatissima had vessels with twice the diameter of the other four species. Our results indicate the need for producing increasing amounts of fibers in the conducting tissue along the flow path, driven by the progressive lowering of the water potential from root to leaf. The structural root/twig contrast demonstrates the different functional roles played by small roots and twigs. Together with sun canopy leaves, distal twigs are facing the most negative water potentials in a tree and simultaneously are exposed to the highest levels of wind-induced mechanical stress, which explains their need for additional fibers and tracheids for structural support. Roots do not face these constraints, unless they are exposed to soil drought or soil freezing.
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